The steady advance of integrated circuit technology is one of the most remarkable technology trends in this era of technological revolution. For example, the 64-k memory chips of the early 1980s are now being replaced by 4-M and even 16-M chips. This trend is expected to continue with chips at the giga-bit level being available in a decade. The needs for ultraviolet and then Xray lithography to define the submicron features needed for these larger, denser chips have been widely discussed. However, in parallel, the equipment (referred to as tools in the industry) and related processes to carry out the deposition and etching steps needed to actually produce devices in the tenth-micron range also require significant development. This paper summarizes present and anticipated contributions of magnetic fusion plasma theory and diagnostics and plasma production technoIogy at Oak Ridge National Laboratory (ORNL) for the development of integrated circuit production technology. The discussion is introduced with a review of past technology evolution and of the present economic context for manufacturing.
INTRODUCTION
The earliest integrated circuits were fabricated with wet, printed circuit like processes. This type of process was isotropic because etching, for example, proceeded laterally as rapidly as downward and was well-suited for wide, shallow features. Anisotropic processes were needed when the characteristic width of a feature became comparable to or less than its depth (or height). This need led to the widespread introduction of plasma-based processes. The directionality of ions leaving a plasma sheath was used to push processes toward the needed anisotropy. The plasmas were produced by the application of an rf voltage to parallel plates in an "rf diode." Although the processes involved a plasma, the ions, for the most part, acted to control the directionality of a process that was dominated by free radicals produced in the plasma.
Parallel plate technology has undergone significant Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830. improvement and is still by far the dominant plasma technology used in present-day production. Typical plasma densities are in the range of 109 to 10 ~~ cm -3, with electron energies of a few electron volts. For these parameters, the plasma sheath thickness ranges from several millimeters to 1-cm, and the sheath thickness is comparable to the gap between the electrodes. This is substantially different than a fusion plasma where sheath thicknesses are much smaller than the plasma dimensions. As a result, in part, the connections between fusion physics and technology and plasma process technology were not significant, and the disciplines for the most part evolved independently. As device dimensions continue to shrink, parallel plate tool limitations are becoming significant. The need for increased anisotropy is pushing the operating regime to lower pressures (tens as opposed to hundreds of millitorr) where ion-neutral scattering is reduced. Diode plasmas are more difficult to operate in this regime and have higher ion energies. At the same time, the damage produced by higher ion energies is becoming more sig-Berry nificant because devices with smaller lateral dimensions also tend to be thinner and more susceptible to damage. The result is the need for plasma sources that can operate in the range of a few to tens of millitorr with ion energies as low as a few tens of volts. The need to keep process rates high requires a concomitant increase in ion current density. Thus, the sources must produce plasma densities of 10 ix to 10 ~ cm -3. The net effect is to bring plasma characteristics into the fusion range where sheath dimensions are much smalIer than the plasma size.
The above discussion is in terms of the technical requirements for future process tools. Just as important is the economics of using these tools in a production line. The semiconductor business is global and highly competitive. A few percent difference in the cost of ownership of a tool or in its impact on device yield is very often the difference between profit and loss for a plant with capital cost approaching a billion dollars. Thus, in the following discussion of physics and technology, remember that while performance is often the focus of early development, in the long term it is not dominant; simplicity, reliability, and robustness are as likely to determine the success or failure of a development effort.
The remainder of this paper briefly summarizes two examples of ORNL projects that are contributing to the development of process technology for integrated circuit manufacture. These include modeling of radio frequency induction (RFI) plasma source [under a program managed by Sandia National Laboratories (SNL) and sponsored by the Department of Energy (DOE) and SEMATECH] and the development of advanced metallization technology [a cooperative research and development agreement (CRADA) between ORNL and International Business Machines, Inc. (IBM), sponsored by DOE]. In addition, projects in plasma cleaning, microwave window development, and plasma diagnostics are now under negotiation. The references in this article are schematic at best, and the reader is referred to the excellent review in the chapter on the design of highdensity plasma sources for materials processing in Physics of Thin Films, Vol. 18 (Academic Press; 1994) by M. A. Lieberman and R. A. Gottscho for a more complete set. megahertz frequency range to induce an rf current in the plasma. The planar coil is a spiral and shaped much like the element of an electric range. This plasma source is relatively simple and does not require an external magnetic field as do sources based on the electron cyclotron resonance (ECR) interaction or on helicon waves.
The development of process tools has historically been dominated by an empirical approach. If predictive models could be developed, the time and cost of this development could be reduced, and a better tool could be introduced into the market earlier with reduced cost, thus improving the industry's competitive position. For these reasons, SEMATECH and the DOE are developing a plasma modeling capability for RFI plasma sources.
An important component of an overall plasma simulation model is the computation of rf fields and currents and the resultant power deposition. As part of a larger program under SNL, ORNL is applying the understanding it has gained from fusion rf heating development to RFI plasma sources to develop a computational model for RFt power deposition. For sufficiently high operating pressures, approximately 5 to 10 millitorr, the heating is ohmic, with the electron collision frequency being dominated by neutral collisions. [J. Hopwood et al., J. Vac. Sci. Technol. A 11, 152 (1993) .] The calculation 
